The kinetics of high dose oxygen implantation and of surface sputtering in silicon are investigated by atomic force microscopy, transmission electron microscopy, transmission electron holography, and electron energy-loss spectroscopy. The implantation was performed into accurately defined submicrometer areas. The behavior of the erosion rate as a function of the implantation dose proved to be nonmonotonic. After native oxide sputtering, a period dominated by ͑i͒ implantation of oxygen and ͑ii͒ induced oxide formation with volume increase takes place, causing a maximum surface step around the bombarded area of about 1.1 to 1.3 nm at bombardment doses below 2 ϫ10
I. INTRODUCTION
Oxidation of Si by low-energy oxygen bombardment is of interest from both scientific and technological points of view. High dose oxygen implantation ͑followed by high temperature annealing͒ is a key method for producing high quality silicon-on-insulator ͑SOI͒ structures. Thin buried oxide layers can be formed by this method using, e.g., O 2 ϩ implantation energies of 150 keV, which pushes the development of SOI structures ͑see, e.g., Ref. 1͒. More shallow buried layers are formed at oxygen implantation energies in the range of 25 keV. 2 Nowadays, another promising application arises: the formation of shallow isolating trenches in ultra-thin Si layers for future SOI technologies where the thickness of the crystalline Si surface layer is in the range of 25-50 nm.
In secondary ion mass spectroscopy, oxygen primary ions are used to enhance the generation of positive secondary ions. During the bombardment of Si with these ions a transient period is detected in which the secondary ion intensity varies nonlinearly with the dose of the incoming primary beam. 3 This transient period of ion bombardment, where both structure and composition of subsurface layers change from a pure single-crystalline semiconductor matrix to an amorphous ͑sub-͒oxidized film, is still not well understood. It is known that high dose oxygen bombardment at normal incidence leads to complete oxide formation whereas during inclined implantation above a critical angle of about 38°m ainly suboxides are formed. 4 For most applications microstructure and nanocomposition analysis of locally implanted and amorphized layers as well as their behavior during subsequent heat treatment are important issues. Highly controlled ion doses and dose rates are necessary to optimize, e.g., oxygen incorporation, oxide formation, and possible surface recessions. To characterize the devices formed by deep submicron technology investigations of high lateral resolution are required.
In this article, we report on investigations concerning high dose oxygen implantation into submicron silicon areas. To characterize the structure and the composition of the formed implantation layers the following methods were employed: atomic force microscopy ͑AFM͒ with a depth resolution of Ϯ0.2 nm; transmission electron microscopy ͑TEM͒, especially high resolution electron microscopy ͑HREM͒; electron holography; and electron energy-loss spectroscopy ͑EELS͒, especially the EELS fine structure analysis near the ionization edges ͑ELNES͒. 1͑a͒ . A schematic description of the implantation experiments is illustrated in Fig. 1͑b͒ . After ion bombardment the resist stripes were dissolved in acetone. For low oxygen implantation doses the influence of the ion beam on the Si surface morphology was investigated by AFM. The scanned area was 2.5ϫ2.5 m 2 with 128 lines. After a plane fit of the data set two peaks appeared in the depth histogram representing the step height difference between implanted and nonimplanted areas. The erosion rates for very high implantation doses were established by measuring the surface recession in the range from 10 to 50 nm using an Alpha-step 200 surface profilometer.
II. EXPERIMENT
In order to study the microstructure and the nanocomposition of the implanted layers investigations were performed by TEM including atomic plane imaging and by the analytical methods EELS, especially ELNES, [5] [6] [7] [8] which are based on inelastic scattering of the incident electrons. The EELS method allows an estimation of the species and concentration of the chemical elements with a spatial resolution limited by the diameter of the measuring probe ͑1-2 nm͒. The ELNES signals are caused by excitations of core-shell electrons into unoccupied states above the Fermi level, and thus, the measured intensities give information on the partial local density of states which is representative of the bonding state of the atom. Thus, by analyzing the ELNES features of the relevant ionization edges, it is possible to characterize the chemical bonding state of individual elements with the same local resolution, provided the energy resolution is better than 1 eV. The characteristic ELNES details are the edge onset as well as the shape, the position, and the intensity of individual peaks in the fine structure. The interpretation of the measured ELNES features is possible by comparison with standard materials or by adequate quantum mechanical calculations of the ELNES.
Although the above-mentioned TEM methods are well established to analyze implanted structures, they often do not provide enough contrast to detect changes in the amorphous phase. Generally, it is assumed that thin amorphous specimens mainly change the phase of the emerging electron wave ⌽͑r͒ϭA͑r͒exp͓i͑r͔͒, and not its amplitude A. Phase contrast requires large defocus values which tend to delocalize the information. Far-out-offocus techniques such as Fresnel fringe methods have proven to be valuable for measurements of amorphous interface layer width and sharpness. 9 However, these methods are based on a comparison of simulations with experimental data, requiring several input and fitting parameters. For amorphous objects, the phase of the scattered wave is modified according to
where t denotes the local specimen thickness and V 0 (r) the mean inner potential, which is related to the electron optical refractive index of the material. C E is an interaction constant depending on the acceleration voltage. 10 These considerations suggest that an improvement of amorphous layer characterization can be achieved by electron holography, where a thin charged wire ͑electron biprism͒ in the primary electron beam allows one to coherently superimpose the highly magnified image wave with the unscattered reference wave that has passed through vacuum only. The resulting hologram contains information on the amplitude and the phase of the image wave, both of which can be retrieved by Fourier techniques. Since the phase signal represents the product of the mean inner potential and the specimen thickness, electron holography can serve as a tool for microdensitometry ͑i.e., for the measurement of the local sample density͒ with high spatial resolution when the local specimen thickness is known.
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The structural and nanochemical analyses of the samples were performed in a Philips CM20, equipped with a Gatan GIF200 spectrometer; for the electron holography a Philips CM300 was used.
III. RESULTS AND DISCUSSION

A. Surface morphology after oxygen implantation
In a first step, we investigated the modification of the surface morphology due to oxygen implantation. High resolution AFM analysis allowed us to analyze surface sputtering as a function of the implanted dose. Figure 2͑a͒ shows acetone prior to the analysis. The original silicon surface ͑bright͒, covered by the resist during sputtering, is smooth and the formed crater bottom ͑dark͒ in the uncovered stripes is well defined. The crater depth is 9.7 nm, a depth analysis of high resolution is possible because of the small scan width.
However, after lowering the implantation dose below 5 ϫ10
16 O ϩ cm Ϫ2 additional AFM data processing is necessary for accurate crater measurements. The micrograph of Fig. 2͑b͒ represents a specimen implanted with the lowest dose Dϭ2.8ϫ10
15 O ϩ cm Ϫ2 into a 0.35 m wide structure.
Step height measurements revealed a negative crater depth ͑i.e., a ridge͒ of about Ϫ0.7Ϯ0.2 nm. Consequently, caused by this radiation dose mainly processes of volume expansion determine the surface morphology, and thus we observed a slight increase in height in the ion bombarded area in comparison to the masked one.
A dose of about Dϭ3ϫ10 16 O ϩ cm Ϫ2 demonstrates zero contrast in the AFM line scans, i.e., volume expansion due to oxygen incorporation, oxide formation, and sputtering processes balance each other. The histogram analysis, approximating the measured data with Gaussians, shows a depth below 0.2 nm. Figure 2͑c͒ indicates the measured surface crater depth in the bombarded structures as a function of the oxygen dose. The inset shows an enlarged view of the initial period of bombardment. The dotted line is a linear fit through the five data points exceeding 2ϫ10 16 O ϩ cm Ϫ2 . This graph allows an estimation of a dose for optimized applications in those technologies where sputtering is not desirable but maximum oxygen incorporation is required. Moreover, Fig. 2͑c͒ 3 The difference can be explained by uncertainties in the determination of the sputter crater size for flat sputter craters. Figure 3͑a͒ shows a TEM micrograph of a cross-sectional sample bombarded with a dose Dϭ1.75
B. Structure and composition of the oxygen implanted regions
. An amorphous layer with a thickness of about 17 nm and a surface recession of about 8.5 nm can be recognized, which is in good agreement with the AFM data ͓cf. Fig. 2͑a͔͒ . Figure 3͑b͒ shows the situation for a lower implantation dose (8.5ϫ10 15 O ϩ cm Ϫ2 ) in a high resolution micrograph. The interface between the formed amorphous layer and the Si substrate seems to be relatively sharp. Possible chemical differences between different amorphous regions are hardly detectable by HREM as elucidated in Sec. II thus electron holography offers as an adequate tool for such problems: Figs. 3͑c͒ and 3͑d͒ show phase images by electron holography of specimens implanted with 1 thickness of 6 nm in the case of Fig. 3͑c͒ . It starts at a depth of about 12 nm and occupies about one third of the depth of the amorphized zone. This situation was found to be typical when the bombardment dose exceeds 10 17 O ϩ cm Ϫ2 . For lower doses we observed a significant broadening of the bright contrast zone and a smearing-out of the transition between the two layers which is demonstrated in the phase image of Fig. 3͑d͒ .
Complementary to these observations we found by means of EELS that the upper and the lower sublayer consist of silicon oxide and of amorphized silicon, respectively, as demonstrated in Figs. 4͑b͒ and 4͑c͒ for a sample with an implanted dose of about 10
16 O ϩ cm Ϫ2 . Figure 4͑a͒ shows a scanning transmission electron micrograph with the line crossing the implanted area perpendicular to the surface along which EEL spectra were taken. The compositions ͑Si,C,O͒ calculated from these line scan measurements are shown on Fig. 4͑b͒ . It can clearly be seen that oxygen is only present in the upper part of the layer ͑upper sublayer͒.
To further elucidate the composition of the implanted zone the fine structure of the EELS intensities near the Si-L 23 ionization edge ͑ELNES͒ was examined, which gives information on the chemical environment of individual atoms as outlined in Sec. II. As can be seen in Fig. 4͑c͒ the Si-L 23 edge obtained at the measuring point ͑1͒, i.e., taken at a depth of about 5 nm below the surface, looks like that of SiO 2 , characterized by two distinct peaks at 108 and 114 eV, and indicating that the upper sublayer consists of silicon oxide. Contrary, at a depth of about 10 nm, i.e., near the middle of the amorphized zone ͓point ͑2͒ of Fig. 4͑a͔͒ , the Si-L 23 edge is similar to that of elemental silicon with only a few features of Si-O bonds. From these EELS/ ELNES results it can also be concluded that the extent of the oxidation region is less than half of that of the amorphized region.
IV. CONCLUSIONS
The obtained results allow us to understand some important details of the oxidation and amorphization processes during high dose oxygen implantation. There occur a transition zone between the amorphous oxidized layer and the amorphized pure Si zone ͑3-7 nm͒ and a relatively sharp transition between the amorphous and the crystalline Si ͑2-3 nm͒. During the first stages of implantation ͑doses below 10 17 O ϩ cm Ϫ2 ) the transition between oxidized and unoxidized Si is smeared-out ͑5-7 nm͒, and the oxidized zone extends over about half of the amorphized silicon region.
With an increasing implantation dose the oxidized zone expands up to 2/3 of the amorphized zone due to radiation enhanced oxygen diffusion and enhanced chemical reactions.
A maximum ridge height ͑or negative crater depth͒ of about 1 nm is observed at a dose of Dϭ0. 5-2ϫ10 16 O ϩ cm Ϫ2 . For this interval of radiation doses the sputtering effect and the effect of volume increase seem to balance each other. A constant erosion rate for the surface recession is established beginning at bombardment fluxes of about Dϭ2 ϫ10
16 O ϩ cm Ϫ2 . Electron holography allows us to investigate two-dimensional features of the bombarded regions and reveales a double-layer character of the implanted region.
By means of EELS it turned out that the upper and the lower sublayer consist of silicon oxide and of amorphized silicon, respectively. For a detailed investigation of the nanocomposition of the implanted zone the fine structures of the EELS intensities near the Si-L 23 ionization edges ͑ELNES͒ were examined. The electron energy-loss line scans reveal the oxygen distribution inside the implanted areas with a lateral resolution of about 1-2 nm and showed that the extent of the oxidation region amounts to nearly half of that of the amorphized region. It was found that the interface between the oxidized layer and the amorphized silicon sharpens with increasing implantation dose.
The results are important for a controlled defect generation and for a desired steepness of the SiO 2 /Si interface during subsequent solid phase epitaxial recrystallization in the next technological steps.
